. Integrin and FAK-mediated MAPK activation is required for cyclic strain mitogenic effects in Caco-2 cells. Am J Physiol Gastrointest Liver Physiol 280: G75-G87, 2001.-Rhythmic strain stimulates Caco-2 proliferation. We asked whether mitogen-activated protein kinase (MAPK) activation mediates strain mitogenicity and characterized upstream signals regulating MAPK. Caco-2 cells were subjected to strain on collagen I-precoated membranes or antibodies to integrin subunits. Twenty-four hours of cyclic strain increased cell numbers compared with static conditions. MAPK-extracellular signal-regulated kinase (ERK) kinase inhibition (20 M PD-98059) blocked strain mitogenicity. p38 Inhibition (10 M SB-202190) did not. Strain rapidly and time-dependently activated focal adhesion kinase (FAK), paxillin, ERK1 and 2, and p38 on collagen. c-Jun NH 2 -terminal kinase (JNK)1 and 2 exhibited delayed activation. Similar activation occurred when Caco-2 cells were subjected to strain on a substrate of functional antibody to the ␣2-, ␣3-, ␣6-, or ␤1-integrin subunits but not on a substrate of functional antibody to the ␣5-subunit. FAK inhibition by FAK397 transfection blocked ERK2 and JNK1 activation by in vitro kinase assays, but pharmacological protein kinase C inhibition did not block ERK1 or 2 activation by strain. Straininduced ERK signals mediate strain's mitogenic effects and may require integrins and FAK activation.
mitogen-activated protein kinase; deformation; epithelium; extracellular signal-regulated kinase; focal adhesion kinase; integrin; intestine; c-Jun NH 2 -terminal kinase; p38; signal transduction PREVIOUS OBSERVATIONS HAVE suggested that rhythmic strain (16, 67) , such as occurs during peristalsis or villous motility, can substantially modulate human Caco-2 intestinal epithelial cell proliferation and differentiation (7, 9, 10) and that an intracellular tyrosine kinase signal is required for these effects (34) . Although the mechanisms responsible for these effects have yet to be characterized, the mitogen-activated protein kinase (MAPK) superfamily [including p44/42, p38, and c-Jun NH 2 -terminal kinase (JNK)1 and 2] has been implicated in the regulation of proliferation and differentiation in response to other stimuli in intestinal epithelial (51) and other cell types (14, 38, 39, 60, 79) . We therefore hypothesized that rhythmic strain might activate members of the MAPK family such as extracellular signal-regulated kinase (ERK)1, ERK2, p38, and JNK in human Caco-2 intestinal epithelial cells and sought to characterize such MAPK signals. In further studies, we sought to characterize upstream signaling elements that might be involved in MAPK activation in response to strain. In particular, we focused on the cell's integrin receptors for matrix and on focal adhesion kinase (FAK), a tyrosine kinase associated with integrins in focal contacts.
Integrins are among the best characterized of the cell surface receptors that mediate cell-matrix interactions. Integrins are transmembrane ␣␤-heterodimeric glycoproteins that bind to matrix molecules with a specificity jointly determined by both the ␣-and ␤-subunits (74, 76) . The 125-kDa tyrosine kinase FAK associates with integrins in focal contacts and is activated during cell-matrix interaction or in response to one of a group of neuropeptide activators of G protein-coupled receptors (107) . FAK initiates a cascade of intracellular signals in response to adhesion, including MAPK activation (43, 73, 80, 96) , and also regulates a variety of signaling intermediates previously implicated in the osmotic stress response, which may also depend on cytoskeletal rearrangement due to physical force (24, 46, 50) . For example, FAK indirectly activates the ERK in response to adhesion and osmotic stress (21, 24, 50, 63) and focal adhesion formation is associated with JNK activation (74) . FAK has recently been implicated in "inside-out" signaling as well in some cell systems (47) .
To determine whether rhythmic strain activates MAPK in Caco-2 cells and whether integrin-associated FAK activation might be involved in this process, we used the Flexercel apparatus (Flexcell, McKeesport, PA) to rhythmically deform Caco-2 cell monolayers cultured on collagen-coated flexible-bottomed wells at an average strain of 10% at a frequency of 10 cycles/ min (7, 34) , similar to the frequency and amplitude that might occur during gut peristalsis or villous mo-tility (16, 32, 64) . Proliferation was compared in the absence or presence of the MAPK-ERK kinase (MEK) inhibitor PD-98059 and the p38 inhibitor SB-202190. We then assessed activation of ERK1, ERK2, p38, JNK1, and JNK2 by Western blotting and in vitro kinase assays. FAK activation was assessed by autophosphorylation, since activated FAK autophosphorylates (12, 18, 80, 107) , and by measuring the tyrosine phosphorylation of paxillin, an adapter protein that may be phosphorylated by FAK. In further studies, we transfected Caco-2 cells with FAK397, a construct that can block FAK activation by binding site competition (72, 74, 76) , to investigate the role of FAK signaling in strain activation of ERK and JNK. The specificity of these findings was emphasized by further studies of strain activation of ERK in the setting of protein kinase C (PKC) blockade by calphostin C because we have previously reported that strain also activates PKC in these cells (7, 34) . We also investigated the possibility that these effects might be associated with specific integrin heterodimers by comparing FAK, ERK, p38, and JNK activation in cells subjected to rhythmic strain on membranes precoated with collagen I or with functional antibodies to the ␤1-, ␣2-, ␣3-, ␣5-, and ␣6-integrin subunits. We studied Caco-2 cells here on defined substrates consisting of type I collagen or specific functional antibodies to certain integrin subunits. Although endogenous matrix protein secretion by Caco-2 cells might conceivably have interfered with the activity of our defined substrates, matrix secretion by Caco-2 cells is generally studied at 10-30 days after seeding (83, 94, 95) , and published time courses suggest that the synthesis of at least one matrix protein (fibronectin, laminin) is relatively low until 10 days (94, 95) . The studies shown here were all performed 1 day after cell seeding, except for the proliferation studies in Fig. 1 , which were performed 4 days after cell seeding. We have previously shown that exogenously supplied substrates of matrix proteins or functional antibodies substantially influence Caco-2 motility, proliferation, and phenotype for up to 6 days after cell seeding (5, 9) .
MATERIALS AND METHODS
Cells. The Caco-2 cells used for these studies represent a clone subpopulation of this established cell line selected for enterocytic differentiation (70) . The cells were originally a generous gift of Drs. Michelle Peterson and Mark Mooseker of the Yale Department of Biology and were used within 15 passages. Cells were maintained at 37°C in 5% CO 2 in DMEM with 10% heat-inactivated fetal calf serum, 10 g/ml transferrin (Boehringer Mannheim, Indianapolis, IN), 2 mM glutamine, 1 mM pyruvate, 10 mM HEPES, 100 U/ml penicillin G, and 0.1 mg/ml streptomycin.
Substrate precoating. Experiments were performed on flexible-bottomed six-well culture plates precoated with collagen I (Flex I; Flexcell). In a separate series of studies, we compared the results of commercial precoating with precoating using an ELISA-based precoating buffer as previously described (8) and found no difference in the responses of Caco-2 cells to strain stimuli on matrix substrates prepared by these two methods (data not shown).
For studies of the role of various integrin subunits in mediating strain effects, amino-coated Flex I plates were precoated with functional antibodies to the ␤1-(17), ␣2-(99), ␣3-(100), ␣5-(101) (GIBCO BRL, Gaithersburg, MD), and ␣6-(36, 85, 86) (Serotec, Raleigh, NC) integrin subunits in a 1/100 dilution of the stock solution in phosphate buffered saline for 4 h at room temperature according to the manufacturers' protocols.
Rhythmic deformation. For experimental studies, the cells were first seeded onto precoated flexible membranes. For proliferation studies, we seeded cells at 100,000 cells/cm 2 and allowed cells to recover for 24 h before study as previously described (7) . For signal transduction studies, we seeded cells at an original density of 300,000 cells/cm 2 and waited 4 days after seeding before study to minimize sample variation and avoid having to pool lysates from several plates before immunodetection. Caco-2 cells were serum-starved for 24 h for signal transduction studies and then subjected to repetitive mechanical deformation at an average 10% strain at 10 cycles/min (3 s deformation alternating with 3 s in neutral conformation) as previously described (7, 34) . Briefly, the strain unit consists of a vacuum manifold regulated by computer-controlled solenoid valves. The computer-regulated valves apply and release a precise vacuum to the system, deforming the culture plate bottoms to a known percentage elongation and then releasing the membranes to their original conformation. The cells remain adherent, and the deformation of the membrane is directly transmitted to the Caco-2 cells. Caco-2 monolayers not subjected to repetitive deformation served as controls.
MAPK inhibition. In some of the studies performed here, ERK1 and ERK2 activation were inhibited using the MEK inhibitor PD-98059 (20 M; Calbiochem, La Jolla, CA) preincubating 1 h before the initiation of cyclic strain (49) . Since the PD-98059 was dissolved in DMSO as a vehicle, control cells in these studies were similarly treated with DMSO to a final concentration of 0.2%. In other studies, p38 was inhibited using the p38 inhibitor SB-202190 (10 M; Calbiochem) incubating 30 min before strain as previously described (1) . Again, no vacuolization or other morphological effects were observed.
PKC inhibition. In other studies, we used calphostin C to inhibit Caco-2 PKC activity. After first light-activating the calphostin C as previously described (7, 34) , we pretreated serum-starved Caco-2 cells with 10 nM calphostin C for 3 h before initiation of cyclic strain. We have previously shown that calphostin C treatment in this manner ablates strainstimulated PKC activity (6, 7, 34) .
Proliferation studies. The Caco-2 cells used for proliferation studies were seeded at an original density of 100,000 cells/cm 2 as described in Rhythmic deformation. Cells were maintained at 37°C in 5% CO 2 in DMEM with 10% fetal calf serum, 10 g/ml transferrin (Boehringer Mannheim), 2 mM glutamine, 1 mM pyruvate, 10 mM HEPES, 100 U/ml penicillin G, and 0.1 mg/ml streptomycin. For experimental studies, the cells were allowed to recover for 24 h after seeding onto the collagen I-precoated flexible membranes. The cells were then placed in serum-free media under static and repetitively strained conditions as described in Rhythmic deformation in the absence or presence of 20 M PD-98059 incubating 1 h before strain (49) or 10 M SB-202190 incubating 30 min before strain (1) for 24 h before trypsinization and automated cell counting (Coulter Electronics, Luton, UK). In some parallel studies, cells were treated with 30 ng/ml epidermal growth factor (EGF; Sigma, Saint Louis, MO) to compare the mitogenic effects of cyclic strain with those of EGF.
All proliferation studies were done in six-well plates, with cell counts from each of the six wells being counted independently in triplicate. Triplicate counts were averaged to yield a mean cell count per well, and data from each experiment was thus analyzed with six observations in each group. All data presented here are from one of at least three separate experiments, each of which yielded statistically significant and similar results.
Western blot analysis. Cells were lysed in a lysis buffer [25 mmol/l HEPES, pH 7.4, 500 mmol/l NaCl, 1% Triton X-100, 0.1% SDS, 1% deoxycholate, 5 mmol/l EDTA, 50 mmol/l sodium fluoride, 1 mmol/l phenylmethylsulfonyl fluoride, 10 g/ml aprotinin, 10 g/ml leupeptin, and 1 mmol/l sodium orthovanadate], assayed for protein using the Bio-Rad protein assay method according to the manufacturer's protocol (Bio-Rad Laboratories, Hercules, CA), diluted to equal protein concentrations, resolved by 10% SDS-PAGE, and transferred to nitrocellulose membranes. To detect the phosphorylated form of each MAPK, antiactive ERK antibody, phosphospecific JNK antibody, and phosphospecific p38 antibody (each from New England Biolabs, Beverly, MA) were used according to company protocols with appropriate secondary antibodies and were visualized by enhanced chemiluminescence according the manufacturer's protocols. Anti-FAK phosphospecific antibody (Biosource, Camarillo, CA) was similarly used in some studies to investigate the phosphorylation of FAK. Equal protein loading was routinely verified by Coomassie blue staining.
MAPK in vitro kinase assay. To assay in vitro MAPK activity, 500 g of protein was taken from each sample and incubated with anti-ERK2 or anti-JNK1 antibodies for 2 h at 4°C and then incubated with protein A-Sepharose (Amersham Pharmacia Biotecch, Uppsala, Sweden) for 2 h at 4°C. In vitro kinase assay and running gels were performed as previously described (38) using 2 g myelin basic protein (Stratagene, La Jolla, CA) for ERK2 and 2 g glutathione-Stransferase (GST)-c-Jun fusion protein (Stratagene) for JNK as substrates. To assay exogenous JNK1 [hemagglutinin (HA)-JNK1] kinase activity, HA-JNK1 was immunoprecipitated with anti-HA monoclonal antibody (Boehringer Mannheim) and protein A-Sepharose beads, followed by in vitro kinase assay [GST-c-Jun(1-79) fusion protein as a substrate] using the same procedure as described above. The samples were resolved on a 15% polyacrylamide gel. After running, the gel was dried and autoradiographed overnight at Ϫ80°C.
Immunoprecipitation and analysis of tyrosine phosphorylation of FAK and paxillin. Analysis of tyrosine-phosphorylated paxillin was accomplished by immunoprecipitation followed by Western blotting with an antiphosphotyrosine antibody. In some studies, we also confirmed our results with Western blotting for activated FAK as described in MAPK in vitro kinase assay by similarly immunoprecipitating FAK followed by Western blotting with an antiphosphotyrosine antibody. Cells were lysed, and protein was assayed as described in Western blot analysis. For immunoprecipitation, aliquots of cell lysates diluted to equal protein concentrations were incubated with paxillin or FAK antibody (Transduction Laboratories, Lexington, KY) for 2 h or overnight at 4°C. Immune complexes were captured by incubation with protein A-Sepharose (Amersham Pharmacia Biotech) for 2 h or overnight at 4°C. Beads were collected by centrifugation and washed extensively with lysis buffer before elution with boiling loading buffer. Immunoprecipitates were then resolved by 7.5% SDS-PAGE, and the proteins were transferred onto nitrocellulose membranes. These membranes underwent subsequent immunoblotting with an antiphosphotyrosine antibody as described. These blots were then stripped and reprobed with an antibody to total paxillin or FAK protein as appropriate to confirm equal protein loading after immunoprecipitation.
Transient transfection assays. Transient cotransfections were performed as previously described in bovine aortic endothelial cells (105) . Caco-2 cells were seeded into six-well flexible-bottomed culture plates precoated with collagen I at 300,000 cells/well. When the cells reached 80-90% confluence, they were cotransfected with either FAK397 or pcDNA as a control together with HA-tagged ERK 2 or HA-JNK1. HA-JNK1 and HA-ERK2 were gifts from Dr. John Y.-J. Shyy and previously described (25, 81) . HA-ERK2 (or HA-JNK1) ϩ FAK 397 or HA-ERK2 (or HA-JNK1) ϩ pcDNA3.1 (Invitrogen, Carlsbad, CA) were diluted in 10 g/ml LipofectAMINE (GIBCO BRL) according to the manufacturer's protocol. After 6 h, the cells were placed in serum-free medium for 12 h before study. In general, ϳ30% of the cells were transfected, as determined by 5-bromo-4-chloro-3-indolyl ␤-D-galactopyranoside (X-gal) staining (not shown). We have also obtained similar results in recently published work (106) in which we transiently transfected Caco-2 cells with HA-tagged FAKrelated nonkinase and wild-type FAK and then immunostained for the HA epitope.
Cells were then subjected to 10% average strain at 10 cycles/min for 60 min. Otherwise identically treated cells maintained under static conditions without strain were used as controls. Cells were lysed and scraped into kinase lysis buffer, and protein concentrations in the samples were determined by the Bio-Rad protein assay method.
Densitometry. Band densities on immunoblots and autoradiograms were measured with a densitometer (ImageQuant; Molecular Dynamics, Sunnyvale, CA). All densitometry was performed on exposures within the linear range of the film and the densitometer.
Statistical analysis. Data are presented as means Ϯ SE and analyzed by Student's unpaired t-test or ANOVA as appropriate. Data for proliferation studies was analyzed by taking the mean of three counts for each well and then considering each of six independent wells as a separate data point. At least three independent proliferation experiments were performed for each study, each of which yielded similar and statistically significant results. Data from a single representative study is shown. For signal studies, densitometric data from each of at least three similar blots from separate and distinct experiments was pooled before statistical analysis after normalization against band intensity for the control lane (static untreated cells). P Ͻ 0.05 was considered significant. Data from a single representative blot is shown in each case.
RESULTS
MEK inhibition blocked strain-induced proliferation, but p38 inhibition did not. Preliminary experiments assessed the effect of ERK inhibition by the MEK inhibitor PD-98059 and p38 inhibition by SB-202190 on the mitogenic effects of strain. Treatment with 20 M PD-98059 or 10 M SB-202190 did not induce vacuolization or otherwise affect the cells morphologically, at least at the light microscopic level. In a typical experiment, Caco-2 monolayers maintained under static conditions increased their cell number from 139,467 Ϯ 7,458 to 283,948 Ϯ 9,878/well over 24 h. By contrast, identical monolayers subjected to cyclic strain for 24 h increased cell number to 325,387 Ϯ 11,980, a 28.8 Ϯ 8.3% increase in cell proliferation in response to strain (P Ͻ 0.05 from 1 of 3 typical experiments; n ϭ 6; Fig. 1A ). This is consistent with our previous observations of the mitogenic effects of strain (7, 34) . No effect on either basal or strain-stimulated proliferation was observed with a DMSO vehicle control (Fig. 1A) . Addition of the MEK inhibitor PD-98059 (20 M) to the culture medium during the 24-h incubation completely blocked strain-induced proliferation. PD-98059-treated static monolayers in the same experiment proliferated equivalently to static monolayers in control or DMSO-treated media, but no increase in proliferation was observed in response to strain. PD-98059-treated monolayers subjected to cyclic strain for 24 h exhibited cell numbers that were 100.3 Ϯ 5.8% that of static monolayers treated with the same inhibitor (Fig. 1A) . In contrast, p38 inhibition by 10 M SB-202190 inhibited neither static Caco-2 proliferation nor the mitogenic effects of strain (P Ͻ 0.05; n ϭ 6; Fig.  1A ). The mitogenic effect of 30 ng/ml EGF on Caco-2 cells is depicted in Fig. 1B for comparison. This concentration of EGF has previously been shown to maximally stimulate Caco-2 cells (8) . The effects of strain on Caco-2 cell proliferation shown here are consistent with previous observations on the effects of cyclic strain (4, 7, 34, 64a) and other mitogenic stimuli (45, 61) in these cells and are similar in magnitude to those observed with EGF (Fig. 1B) .
Cyclic strain phosphorylated Caco-2 ERK, JNK, and p38. To determine whether cyclic strain induces ERK, JNK, and p38 activation in human intestinal epithelial Caco-2 cells exposed to cyclic strain on a collagen I matrix, we measured the phosphorylation of ERK, JNK, and p38 in time course experiments using phosphospecific antibodies, since phosphorylation of these proteins confers activation (23, 79) . Cyclic strain induced both ERK1 and 2 phosphorylation in a timedependent manner, beginning at 5 min and with a peak at 60-120 min ( Fig. 2A) . Densitometric analysis showed that peak phosphorylation of ERK1 and 2 was 227 Ϯ 80 and 179 Ϯ 30% of static controls, respectively (P Ͻ 0.05; n ϭ 3 for each). Peak phosphorylation of p38 occurred at 5 min and was 169 Ϯ 59% of static controls (P Ͻ 0.05; n ϭ 3; Fig. 2B ). Cyclic strain also induced phosphorylation of JNK1, with maximal phosphorylation 199 Ϯ 12% of control. However, JNK2 showed only minimal late activation, exhibiting only 169 Ϯ 44% of control phosphorylation levels (P Ͻ 0.05; n ϭ 3 for each; Fig. 2C ). JNK2 activation began at 10 min and peaked at 30 min. Thus cyclic strain appeared to induce Caco-2 cell phosphorylation of ERK, JNK, and p38 on type I collagen. In parallel to the proliferation . The time 0 cell number was subtracted from all 24-h values to yield values for increases in cell number over the 24 h when strain and/or inhibitors were applied to some wells. Strain increased cell number in Caco-2 cell monolayers equivalently in control, DMSO-treated, and SB-202910-treated monolayers. However, the MEK inhibitor PD-98059 blocked strain-induced proliferation (*P Ͻ 0.05; n ϭ 6 from 1 of 3 similar studies). B: mitogenic effect of epidermal growth factor (EGF) in Caco-2 cells. Human recombinant EGF (30 ng/ml) stimulates the proliferation of Caco-2 cells cultured on a similar collagen I substrate with a magnitude of effect similar to that observed for the mitogenic effect of cyclic strain (*P Ͻ 0.05; n ϭ 6 from 1 of 3 similar studies). Fig. 2 . Effects of cyclic strain on Caco-2 ERK, c-Jun NH 2 -terminal kinase (JNK), and p38 phosphorylation. A: cyclic strain induced both ERK1 and 2 phosphorylation in a time-dependent manner, beginning at 5 min and with a peak at 60 min (P Յ 0.05; n ϭ 3 for each). B: peak phosphorylation of p38 occurred at 5 min compared with that of static controls (P Յ 0.05; n ϭ 3). C: cyclic strain also induced delayed phosphorylation of JNK1 and 2 (P Ͻ 0.05; n ϭ 3 for each). Equal protein loading was routinely verified in these studies by Coomassie blue staining. studies in Fig. 1 , we further observed that 20 M PD-98059 inhibited ERK1 and 2 activation by cyclic strain in Caco-2 cells without altering strain-associated p38 activation (Fig. 3) .
Cyclic strain stimulated phosphorylation of Caco-2 FAK and paxillin. FAK and paxillin were each also activated by strain in a time-dependent manner. Western blotting for phosphorylated FAK (Fig. 4A ) demonstrated that FAK was rapidly phosphorylated. Although FAK phosphorylation tended to increase at 2 min, this increase in phosphorylation became statistically significant by 5 min (P Ͻ 0.05; n ϭ 3), appeared maximal at 10 min, and persisted for up to 120 min. At the 10-min maximum, FAK autophosphorylation was 177 Ϯ 26% of control (P Ͻ 0.05; n ϭ 3). We also confirmed these results in separate studies by immunoprecipitating FAK and Western blotting with antibody to tyrosine phosphoproteins after similarly subjecting Caco-2 cells to strain for 30 min. These studies yielded phosphotyrosine band intensities that were 172 Ϯ 31% of values obtained from static cells (P Ͻ 0.05; n ϭ 3). When the blots were stripped and reprobed for FAK protein, equal protein loading was verified (data not shown). Paxillin phosphorylation (Fig. 4B ) peaked at 10 min, when it appeared to be 180 Ϯ 20% of control values (P Ͻ 0.05; n ϭ 3). The paxillin blots were each subsequently stripped and reprobed with antibodies to paxillin protein to verify equal protein loading as in the FAK immunoprecipitation studies.
FAK397 inhibited strain activation of MAPK. We used in vitro kinase assays with myelin basic protein as a substrate after transfection with and immunoprecipitation of HA-tagged ERK2 to assess the effects of strain and FAK blockade on ERK2 activity. In general, 30-40% of the cells were transfected, as determined by X-gal staining (data not shown). These assays revealed that 1 h of cyclic strain stimulated ERK2 activity in cells cotransfected with a pcDNA control to 140 Ϯ 18% of pcDNA-cotransfected cells not exposed to strain (P Ͻ 0.05; n ϭ 3; Fig. 5A ), consistent with demonstrations of ERK2 activation by Western blotting with antibodies to activated ERK. Cotransfection with FAK397 (a dominant-negative FAK mutant) had no effect on basal HA-ERK2 activity in static cells but blocked strainassociated stimulation of HA-ERK2 activity in studies performed simultaneously in the same cells. In FAK397-transfected cells, HA-ERK2 activity in response to strain was only 93.0 Ϯ 5.3% of HA-ERK2 activity in FAK397 cells not subjected to strain (P ϭ not significant; n ϭ 3; Fig. 5A ). This differed statistically from the strain-associated increase described above in pcDNA-transfected cells (P Ͻ 0.05; n ϭ 3).
In a separate series of studies, we cotransfected with HA-JNK1 rather than HA-tagged ERK2 to assess the effects of strain and FAK397 on JNK1 activity, using c-Jun as a substrate for the in vitro kinase assays. Immunoprecipitation of HA-JNK1 and subsequent in vitro kinase assay in these cells demonstrated that strain stimulated JNK1 activity in cells cotransfected with HA-JNK1 and a pcDNA control to 293 Ϯ 58% of JNK1 activity in static HA-JNK1-and pcDNA-cotransfected cells (P Ͻ 0.05; n ϭ 3; Fig. 5B ) after 1 h, consistent with demonstrations of JNK1 activation by Western blotting with antibodies to activated JNK. Cotransfection with FAK397 tended to slightly but not significantly increase basal HA-JNK1 activity in static cells, yielding HA-JNK1 activity that was 146 Ϯ 28% of pc-DNA-and HA-JNK1-cotransfected static controls (P ϭ not significant; n ϭ 3). Strain-associated stimulation of HA-JNK1 activity was substantially attenu- ated if not completely blocked in studies performed simultaneously in the same cells. In FAK397-cotransfected cells, strain-stimulated HA-JNK1 activation was 201 Ϯ 50% of pcDNA-cotransfected static controls (P Ͻ 0.05 vs. static pc-DNA-cotransfected controls; n ϭ 3). However, because FAK397 transfection tended to increase HA-JNK1 activity even in static cells, HA-JNK1 activity in FAK397-and HA-JNK1-cotransfected cells subjected to cyclic strain was not significantly different from HA-JNK1 activity in static FAK397-and HA-JNK1-cotransfected cells.
Effect of PKC blockade on ERK activation by cyclic strain. We have previously reported that cyclic strain also activates PKC in Caco-2 cells (7) and that PKC blockade by 10 nM calphostin C blocks the mitogenic effects of strain. (34) We therefore asked whether calphostin C blocks the effects of strain on ERK activation. ERK activation by strain persisted after calphostin C blockade (Fig. 6 ). Calphostin C treatment resulted in a small baseline increase in ERK activation in static conditions. However, a statistically significant increase in ERK activation was observed in response to strain even in the setting of calphostin C blockade.
MAPK and FAK activation are induced by cyclic strain during adhesion to antibodies to the ␣2-, ␣3-, ␣6-, and ␤1-integrin subunits. Caco-2 cells maintained on substrates precoated with functional antibodies to the ␣2-, ␣3-, ␣6-, and ␤1-integrin subunits exhibited MAPK and FAK activation similar to that seen on type I collagen but of a different magnitude. One hour of cyclic strain increased the intensity of the band corresponding to phosphorylated ERK1 by 154 Ϯ 23, 301.7 Ϯ 62.2, 204.1 Ϯ 70.2, and 150 Ϯ 18% on substrates of functional antibodies to the ␣2-, ␣3-, ␣6-, and ␤1-integrin subunits, respectively. Strain similarly activated ERK2 by 159 Ϯ 28, 207.6 Ϯ 35.6, 131.0 Ϯ 11, and 144 Ϯ 8% on substrates of antibody to the ␣2-, ␣3-, ␣6-, and ␤1-integrin subunits, respectively. ERK1 and 2 activation of 208 Ϯ 13 and 196 Ϯ 40% were observed on a type I collagen substrates in parallel studies as positive controls (P Ͻ 0.05 for all; n ϭ 3; Fig. 7 ). In contrast, neither ERK1 nor ERK2 was activated by cyclic strain on a substrate of functional antibody to the ␣5-integrin subunit.
p38, another MAPK family member, was activated to 443 Ϯ 290, 435.1 Ϯ 38.4, 262.6 Ϯ 61.1, and 519 Ϯ 29% of control on substrates of functional antibody to the ␣2-, ␣3-, ␣6-, and ␤1-integrin subunits, respectively. 269 Ϯ 17% p38 activation was seen in parallel positive control studies on a type I collagen substrate (P Ͻ 0.05 for all; n ϭ 3; Fig. 8 ). However, p38 activation did not increase in response to cyclic strain on a substrate of functional antibody to the ␣5-integrin subunit. A: 1 h of cyclic strain stimulated hemagglutinin (HA)-ERK2 activity as assessed by immunoprecipitation with antibody to HA and in vitro kinase assay using myelin basic protein (MBP) as a substrate in Caco-2 cells cotransfected with a pcDNA control (left) compared with otherwise identically handled cells maintained without strain. Cotransfection with FAK397 (a dominant-negative FAK mutant) had no effect on basal HA-ERK2 activity in static cells, but blocked strain-associated stimulation of HA-ERK2 activity in studies performed simultaneously in the same cells (right) B: in a separate series of studies, HA-JNK1 rather than HA-tagged ERK2 was transfected to assess the effects of strain and FAK397 on JNK1 activity. One hour of cyclic strain stimulated HA-JNK1 activity as assessed by immunoprecipitation with antibody to HA and in vitro kinase assay using c-Jun as a substrate in Caco-2 cells cotransfected with a pcDNA control (left) compared with otherwise identically handled cells maintained without strain. Cotransfection with FAK397 had no effect on basal HA-JNK1 activity in static cells but substantially attenuated or blocked strain-associated stimulation of HA-JNK1 activity in studies performed simultaneously in the same cells (right). One hour of cyclic strain induced increases in phosphorylated ERK1 and 2 on substrates of antibody to the ␣2-, ␣3-, ␣6-, and ␤1-integrin subunits or on type I collagen compared with otherwise similarly maintained cells under static conditions, but no effect was observed on antibody to the ␣5-integrin subunit (P Ͻ 0.05; n ϭ 3).
We also analyzed FAK activation in separate experiments by Western blotting with antibody to active phosphorylated FAK as described in MATERIALS AND METHODS. Using this technique, we observed that cyclic strain on substrates of antibody to the ␣2-, ␣3-, ␣6-, and ␤1-integrin subunits increased FAK activation to 303 Ϯ 60, 150 Ϯ 17.1, 152 Ϯ 18.6, and 213 Ϯ 31%, respectively, of static cells on the same substrates (P Ͻ 0.05 for each; n ϭ 3). In parallel studies performed simultaneously on type I collagen, FAK activation to 148 Ϯ 21% of control values was observed (P Ͻ 0.05 for all; n ϭ 3; Fig. 9 ). The strain-associated FAK activation observed on the anti-␣2 substrates, rather than anti-␣3 substrates, anti-␣6 substrates, and anti-␤1 substrates, was statistically greater than strain-associated FAK activation on collagen I. As for the MAPK, no FAK activation was observed in cells subjected to cyclic strain on a substrate of anti-␣5, although these cells both express the ␣5-integrin subunit on their surface and activate FAK in response to adhesion to this antibody (Sanders and Basson, unpublished data).
DISCUSSION
Various conditions, including fasting, intestinal motility, feeding, altered luminal nutrient concentration, pressure, and especially villous contraction or motility, cause diverse deformation patterns of the intestinal mucosa (28, 67) . Cyclic strain at an amplitude and frequency similar to physiological strain on intestinal mucosal cells in vivo (31, 67, 102) stimulated MAPK (ERK, p38, and JNK) signals in human Caco-2 intestinal epithelial culture cells. These signals are required for strain-associated cell proliferation and seem likely to be downstream of integrin-mediated FAK activation (21, 33, 73) .
Although the magnitude of the FAK and MAPK activation we observed here in response to strain was less than some have observed in response to other stimuli in other cell types, these effects were nonetheless statistically significant, and blockade of FAK and ERK activation did appear to further block downstream effects of strain on the cells. Other stimuli have previously been reported to cause Caco-2 FAK and/or MAPK activation of similar magnitude to that reported here (106) as well as in other gastrointestinal epithelial cell models (91) and in vivo (68) . MAPK activation of this magnitude has previously been linked to the regulation of intestinal epithelial differentiation (91), motility (106), and proliferation (2, 30) in Caco-2 or other intestinal epithelial cell lines. Cyclic strain has also previously been reported to produce FAK and MAPK activation of this magnitude in some other cell types, such as cardiac myocytes (80), bovine aortic endothelial cells (38, 39, 104) , and vascular smooth muscle cells (53) . Furthermore, we have previously reported that the effects of cyclic strain on Caco-2 cells are amplitude dependent (7) . The geometry of the strain induced by the Flexercel apparatus is such that strain is maximal near the periphery of the well and exhibits a gradient of decreasing strain toward the center of the well (3). This means that some of the cells in the well actually experience little if any strain. We have previously described the underestimation of the magnitude of strain effects on cell proliferation and differentiation in this model (7), and such underestimation is likely to apply here, both for the magnitude of the mitogenic effects of strain and the magnitude of the signals described below.
MAPK modules mediate many different types of extracellular signals. Although mitogen activation of the ERK subfamily has dominated efforts to understand MAPK signaling, increasing appreciation of other stimuli that modulate MAPK and of the role of the stress-activated kinases, JNK and p38, illustrates the Fig. 9 . FAK activation induced by cyclic strain during adhesion to antibody to integrin subunits. Cells were maintained on flexible membranes precoated with functional antibody to the ␣2-, ␣3-, ␣6-, ␤1-, and ␣5-integrin subunits or with type I collagen. One hour of cyclic strain induced increases in phosphorylated ERK1 and 2 on substrates of antibody to the ␣2-, ␣3-, ␣6-, and ␤1-integrin subunits or on type I collagen compared with otherwise similarly maintained cells under static conditions, but no effect was observed on antibody to the ␣5-integrin subunit (P Ͻ 0.05; n ϭ 3). Fig. 8. p38 Activation induced by cyclic strain during adhesion to antibody to integrin subunits. We compared the effects of strain on p38 in cells maintained on flexible membranes with functional antibody to the ␣2-, ␣3-, ␣6-, ␤1-, and ␣5-integrin subunits or with type I collagen. One hour of cyclic strain induced increases in phosphorylated ERK1 and 2 on substrates of antibody to the ␣2-, ␣3-, ␣6-, and ␤1-integrin subunits or on type I collagen compared with otherwise similarly maintained cells under static conditions, but no effect was observed on antibody to the ␣5-integrin subunit (P Ͻ 0.05; n ϭ 3).
diverse nature of the MAPK enzyme superfamily. Members of the MAPK family are activated by strain in endothelial (80) , smooth muscle (96) , and mesangial (42) cells. Our results differ from these previous investigations in the frequency and amplitude of the strain used, in the time course over which the MAPK enzymes were activated, and in the nature by which MAPK were activated.
We have previously reported that rhythmic deformation stimulates Caco-2 proliferation in an amplitudedependent (7) and frequency-dependent (64a) manner, and we studied here the effects of an average 10% strain at a frequency of 10 cycles/min, similar to strain characteristics that might be observed in vivo during peristalsis or villous motility (16, 67) and are maximally effective at stimulating Caco-2 proliferation (64a). The effects of strain on Caco-2 cell proliferation shown here are consistent with previous observations on the effects of cyclic strain (4, 7, 34, 64a) and other mitogenic stimuli in these cells (45, 61) and are similar in magnitude to those observed with EGF (Fig. 1B) . The mitogenic effect of 30 ng/ml EGF on Caco-2 cells is depicted in Fig. 1B for comparison. This concentration of EGF has previously been shown to maximally stimulate Caco-2 cells (8) .
Various repetitive strain regimens have been shown to affect vascular smooth muscle and endothelial cells (37, 39, 80) , mesangial cells (42), fetal lung endothelial cells (58) , and airway smooth muscle cells (84), generally at higher frequencies and amplitudes than the strain parameters studied here. In contrast, osteoblastic periodontal ligament cells respond to lower 9% strain at 6 cycles/min, although they exhibit less rather than more proliferation (62) . These different sensitivities to varying strain frequencies and amplitudes among various cell types, including intestinal epithelial Caco-2 cells, raise the possibility that cells may be adapted to sensing strain frequencies and amplitudes relevant to their physiological milieu.
The MAPK enzymes we studied were activated by cyclic strain in a time-dependent pattern. ERK1 and 2 were activated by 5 min, peaked at 60 min, and persisted for 60 min, whereas peak phosphorylation of p38 occurred early at 5 min and persisted for at least 120 min. Cyclic strain also induced weaker JNK phosphorylation that appeared at 10-30 min.
Strain also activates some MAPK in various cell types, including mesangial cells (42) , cardiac myocytes (15, 53, 56, 80) , bovine aortic endothelial cells (39) , and human osteoblasts (62) , but the patterns and time courses of activation of each MAPK appear to vary among cell types and with the force applied. Thus, although activation of some MAPKs appears common to the response of many cell types to various physical forces, the patterns and time courses of activation of each MAPK appear to vary among cell types and with the forces applied.
MAPKs have been linked to the regulation of proliferation in response to different stimuli in various cell types. The effects of cyclic strain on Caco-2 proliferation were blocked by PD-98059, a MEK inhibitor that prevents ERK1 and 2 activation, but not by SB-202190, which prevents p38 activation. Although PD-98050 could have other effects, the concentration used here is consistent with that previously used to inhibit ERK activation (1, 29, 49, 65) . Thus activation of ERK1 and/or ERK2 by strain may be required for the mitogenic effects of strain in Caco-2 cells. Others have reported (42) that mesangial cells display both ERK activation and proliferation in response to strain, but that report did not investigate whether the ERK activation actually caused the proliferative response. This is important because bovine aortic endothelial cells also exhibit both ERK activation and increased proliferation in response to strain, but inhibition of the ERK activation does not block the mitogenic effects of strain in these cells (39) . Osteoblasts proliferate more slowly in response to cyclic strain without any ERK signal (62) . Pulse pressure stimulates smooth muscle cell proliferation without MAPK activation (15) , raising the possibility that the physical force mitogenic effects may be independent of ERK in smooth muscle cells as well, although another group (53) has reported that cyclic strain does activate ERK in smooth muscle cells.
In general, the role of p38 in mediating physical force effects on cells is not well understood. Although others have used an SB-202190 concentration of 20 M to inhibit p38 in other cell types, this higher dose may also exhibit less specificity. We have therefore chosen to show the effects of 10 M SB-202190 on strainstimulated Caco-2 proliferation here. However, SB-202190 does not inhibit strain-stimulated Caco-2 proliferation even at 20 M (data not shown). SB-202190 only inhibits the ␣-and ␤-isoforms of p38 (66, 97) . Thus, since SB-202190 did not block strain-associated Caco-2 proliferation, strain activation of at least these p38 isoforms seems unlikely to be involved in the mitogenic effects of strain. The possibility that other p38 isoforms may be involved the mitogenic effects of strain in Caco-2 cells awaits the development of specific pharmacological antagonists for these isoforms. Alternatively, strain-associated p38 activation could play a nonmitogenic role in Caco-2 cells, such as mediating the effects of cyclic strain on the expression of differentiation genes. In another cell type, rat fibroblasts transfected with a reporter construct corresponding to the skeletal muscle ␣-actin promoter display both rapid p38 activation and inhibition of reporter construct, and the gene expression effect is blocked by p38 inhibition (52) .
Thus the relationship between MAPK activation and the mitogenic effects of physical forces may be cell dependent. Clarification of the regulatory factors responsible for these cell type-specific MAPK activation patterns must await further study. Our results suggest that, at least in human Caco-2 intestinal epithelial cells, ERK activation seemed likely to mediate the mitogenic effects of cyclic strain but not p38 activation. Whether strain-associated JNK activation observed in Caco-2 cells is also involved in mediating the mitogenic effects of strain awaits development of specific pharmacological antagonists for JNK. However, the ab-sence of JNK activation in mesangial cells, which do exhibit mitogenicity in response to strain (42) , suggests the possibility that ERK1 and 2 signaling in response to strain may be sufficient for its mitogenic effects, at least in some cell types. Interestingly, both JNK and ERK activation are observed in osteoblasts, which respond to cyclic strain by decreasing proliferation (62) .
FAK has emerged as a critical link in integrin signal transduction as well as in transducing other signals (21, 74) . Strain rapidly and time-dependently stimulated Caco-2 FAK phosphorylation, which parallels FAK activation (13, 59) , as well as paxillin phosphorylation, which also occurs after FAK activation in response to other stimuli. This is consistent with a report of rapid FAK activation by pulsatile stretch (80) but differs from other reports that cyclic strain activates FAK within 30-240 min in endothelial cells in response to 60 cycles/min at 10% deformation (103, 104) and in osteoblasts in response to 15 cycles/min 1.3% uniform biaxial strain (93) . Caco-2 cells appear to exhibit FAK activation more rapidly after strain initiation than some other cell types. These data raise the possibility that FAK may be involved in early strain signaling in response to strain in Caco-2 cells.
FAK demonstrates increased kinase activity and tyrosine phosphorylation on integrin activation in a variety of cell types, with the major site of phosphorylation identified as Y397 both in vivo and in vitro (19, 26, 72) . Recent evidence suggests that integrin engagement may activate a MAPK cascade that may cooperate with more clearly defined mitogenic signaling pathways to regulate cell proliferation, adhesion, and migration (22, 48, 77, 92) . Although many have observed parallel activation of FAK and MAPK in response to adhesion (35) , physical forces (54, 55) , and other stimuli (90) , whether FAK is involved in integrinmediated MAPK activation is controversial (54, 55, 57, 82, 98) . Some investigators have reported that transfection with dominant-negative or inhibitory FAK constructs at least partially inhibits adhesion-related ERK activation in fibroblasts (108) and epithelial cells (75) . However, others have failed to observe decreased adhesion-related phosphorylation in fibroblasts transfected with the FAK-inhibitory molecule FRNK (57, 98) .
To probe the role of FAK activation in downstream MAPK signaling in Caco-2 cells subjected to strain, we transfected Caco-2 cells with FAK397, a dominantnegative mutant of FAK (75) . FAK397 transfection prevented strain-induced activation of cotransfected ERK2 and JNK1, although transfection with a control plasmid pcDNA did not prevent ERK2 or JNK1 activation. Thus strain activation of ERK and JNK kinases might be at least in part FAK related in Caco-2 cells.
Data in other cell types suggest that many different signals are likely to be activated by cyclic strain (69, 71, 88, 89, 109) . Indeed, we have previously reported that PKC may also be involved in the signal pathways that mediate the effects of cyclic strain (7, 34) . ERK activation by strain persisted after calphostin C blockade. Thus, unlike FAK activation, PKC activation does not appear to be required for strain activation of ERK. Although the level of ERK activation in cells subjected to cyclic strain was similar with or without PKC inhibition, calphostin C itself tended to stimulate PKC activity slightly even without strain. Whether PKC inhibition attenuates the strain effect on ERK or whether these cells are simply not capable of ERK activation greater than that observed here remains an open question for further investigation.
It is not clear whether cyclic strain affects cells by flexing the matrix substrate and thus physically transducing a signal into the cell via integrins or other matrix receptors (74, 76) or whether strain signals originate from direct alteration in the configuration of the cytoskeleton (40, 41, 87) . Indeed, both mechanisms are likely to contribute to strain effects. Strain activated MAPK enzymes and FAK on flexible membranes precoated with antibodies to the ␣2-and ␤1-integrin subunits similarly to strain on type I collagen, consistent with the hypothesis that strain may act at least in part via the matrix and integrins. The integrin antibodies used in these studies bind to Caco-2 integrin subunits and activate FAK in response to adhesion to them (5) . However, Caco-2 cells subjected to cyclic strain of this amplitude and frequency remain adherent, at least at the light videomicroscopic level (7) . Thus the present study raises the possibility that FAK and MAPK activation and some of the biological effects of cyclic strain in Caco-2 cells might be mediated via some integrin heterodimers by a mechanism independent of adhesion or that cyclic strain is characterized by repetitive engagement and disengagement of individual matrix receptors, but the cell as a whole remains adherent. In contrast, Caco-2 cells adherent to a FAK-activating functional antibody to the ␣5-integrin subunit did not display FAK or MAPK activation in response to cyclic strain even though they express the ␣5-integrin subunit and display alterations in signaling and proliferation when the functional antibody to the ␣5-integrin subunit is added to the culture medium under static conditions (5, 27) , further suggesting the possibility that strain may involve integrin subunitspecific effects.
Integrins have recently been implicated in signal transduction in response to another physical force, shear stress, in endothelial cells (20) . However, the role of integrins in mediating signals during cyclic strain is not well understood. We found that ERK, p38, and FAK were each activated on a substrate composed of antibodies to the ␣2-, ␣3-, ␣6-, or ␤1-integrin subunits. Although this has not previously been studied, a previous investigation demonstrated in cultured human umbilical vein endothelial cells that shear stress and the addition of antibody to the ␤1-integrin subunit to the media activate FAK and MAPK in an additive fashion (44) . Integrin expression and organization, including that of the ␤1␣2-integrin heterodimer, are modulated in various cell types in response to the chronic application of physical forces (44, 52, 78) , including cyclic strain (103) , raising the possibility that a signal loop may exist in which integrin-mediated strain signals regulate integrin expression and organization, thus modulating cell sensitivity to strain. The mechanism(s) responsible for differences in the magnitude of activation on these particular anti-integrin antibody substrates awaits further exploration. Other matrix or mechanicochemical receptors may also be involved in inducing or inhibiting strain signaling.
In conclusion, cyclic strain appears to result in FAKdependent and integrin-modulated MAPK activation in human Caco-2 intestinal epithelial cells. The activation of ERK1 and 2 appears responsible for the mitogenic effects of strain in Caco-2 cells, whereas the function of p38 activation awaits further study. Furthermore, FAK activation occurs upstream of MAPK action in these cells, at least in response to cyclic strain. Clearly, this is an artificial system, both in the use of an isolated established cell line and in the study of a single simple repetitive strain pattern. The former was chosen because Caco-2 cells are widely used as a model for the study of many aspects of intestinal epithelial biology (8) . The latter was chosen because a regular strain pattern was required for reproducible time course analysis of acute signaling events and the amplitude and because the frequency of this pattern resembles those to which the intestinal mucosa (rather than the endothelium or other tissues) is subject to in vivo (28, 31, 67, 102) . To the extent to which data in this system may be extrapolated to in vivo biology, these results raise the possibility that repetitive strain may be mitogenic for intestinal epithelial cells via integrin-and FAK-mediated MAPK activation.
